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In Brief
Ponce-Toledo et al. report extensive phylogenomic analyses supporting the idea that plastids derive from earlybranching cyanobacteria related to the extant lineage including the cultured species Gloeomargarita lithophora. Based on their ecological distribution, primary photosynthetic eukaryotes probably originated in freshwater or terrestrial environments.
SUMMARY
Photosynthesis evolved in eukaryotes by the endosymbiosis of a cyanobacterium, the future plastid, within a heterotrophic host. This primary endosymbiosis occurred in the ancestor of Archaeplastida, a eukaryotic supergroup that includes glaucophytes, red algae, green algae, and land plants [1] [2] [3] [4] . However, although the endosymbiotic origin of plastids from a single cyanobacterial ancestor is firmly established, the nature of that ancestor remains controversial: plastids have been proposed to derive from either early-or latebranching cyanobacterial lineages [5] [6] [7] [8] [9] [10] [11] . To solve this issue, we carried out phylogenomic and supernetwork analyses of the most comprehensive dataset analyzed so far including plastid-encoded proteins and nucleus-encoded proteins of plastid origin resulting from endosymbiotic gene transfer (EGT) of primary photosynthetic eukaryotes, as well as wide-ranging genome data from cyanobacteria, including novel lineages. Our analyses strongly support that plastids evolved from deepbranching cyanobacteria and that the present-day closest cultured relative of primary plastids is Gloeomargarita lithophora. This species belongs to a recently discovered cyanobacterial lineage widespread in freshwater microbialites and microbial mats [12, 13] . The ecological distribution of this lineage sheds new light on the environmental conditions where the emergence of photosynthetic eukaryotes occurred, most likely in a terrestrialfreshwater setting. The fact that glaucophytes, the first archaeplastid lineage to diverge, are exclusively found in freshwater ecosystems reinforces this hypothesis. Therefore, not only did plastids emerge early within cyanobacteria, but the first photosynthetic eukaryotes most likely evolved in terrestrial-freshwater settings, not in oceans as commonly thought.
RESULTS AND DISCUSSION

Phylogenomic Evidence for the Early Origin of Plastids among Cyanobacteria
To address the question of whether plastids derive from an early-or late-branching cyanobacterium, we have carried out phylogenomic analyses upon a comprehensive dataset of conserved plastid-encoded proteins and the richest sampling of cyanobacterial genome sequences used to date. Plastids have highly reduced genomes (they encode only between 80 and 230 proteins) compared with free-living cyanobacterial genomes, which encode between 1,800 and 12,000 proteins [10] . Most genes remaining in these organelle's genomes encode essential plastid functions (e.g., protein translation and photosystem structure), and their sequences are highly conserved. Therefore, despite the fact that plastid-encoded proteins are relatively few, they are good phylogenetic markers because they (1) are direct remnants of the cyanobacterial endosymbiont and (2) exhibit remarkable sequence and functional conservation.
To have a broad and balanced representation of primary plastids and cyanobacterial groups in our analyses, we mined a large sequence database containing all ribosomal RNAs (rRNAs) and proteins encoded in 19 plastids of Archaeplastida (one glaucophyte, eight green algae and plants, and nine red algae) and 122 cyanobacterial genomes, including recently sequenced members [7, 10, 14] and the genome of Gloeomargarita lithophora, sequenced for this work (see the Experimental Procedures). Sequence similarity searches in this genome dataset allowed the identification of 97 widespread conserved proteins, after exclusion of those only present in a restricted number of plastids and/or cyanobacteria and those showing evidence of horizontal gene transfer (HGT) among cyanobacterial species (see the Supplemental Experimental Procedures and Data S1 for more information). Preliminary phylogenetic analysis of the dataset of 97 conserved proteins by a supermatrix approach (21,942 concatenated amino acid sites) using probabilistic phylogenetic methods with a site-heterogeneous substitution model (CAT-GTR) retrieved a tree with a deep-branching position of the plastid sequences (Figure S1A ). Also noticeable in this tree was the very long branch of the Synechococcus-Prochlorococcus (SynPro) cyanobacterial clade, which reflected its very high evolutionary rate. Since the SynPro cyanobacteria have never been found to be related to plastids, as confirmed by our own analysis, we decided to exclude them from subsequent analyses because of their accelerated evolutionary rate and because their sequences have a strong compositional bias known to induce errors in phylogenomic studies [8] .
After removing the fast-evolving SynPro clade, we analyzed the dataset of 97 proteins as well as an rRNA dataset containing plastid and cyanobacterial 16S+23S rRNA concatenated sequences using maximum likelihood (ML) and Bayesian phylogenetic inference. Phylogenetic trees reconstructed for both datasets provide full support for the early divergence of plastids among the cyanobacterial species (Figures 1 and S1B , respectively). Moreover, our trees show that the closest present-day relative of plastids is the recently described deepbranching cyanobacterium Gloeomargarita lithophora [12, 13] . This biofilm-forming benthic cyanobacterium has attracted attention by its unusual capacity to accumulate intracellular amorphous calcium-magnesium-strontium-barium carbonates. Phylogenetic analysis based on environmental 16S rRNA sequences has shown that G. lithophora belongs to a diverse early-branching cyanobacterial lineage, the Gloeomargaritales [13] , for which it is the only species isolated so far. Although it was initially found in an alkaline crater lake in Mexico, environmental studies have revealed that G. lithophora and related species have a widespread terrestrial distribution ranging from freshwater alkaline lakes to thermophilic microbial mats [13] . Interestingly, it has never been observed in marine samples [13] .
During the long endosymbiotic history of plastids, many genes necessary for plastid function were transferred from the cyanobacterial endosymbiont into the host nuclear genome (endosymbiotic gene transfer, EGT [15] ). In a previous work, we carried out an exhaustive search of EGT-derived proteins in Archaeplastida genomes with two strict criteria: (1) the proteins had to be present in more than one group of Archaeplastida and (2) they had to be widespread in cyanobacteria and with no evidence of HGT among cyanobacterial lineages [16] . We have updated our EGT dataset with the new genome sequences available and retained 72 highly conserved proteins (see Data S1) that we analyzed applying similar approaches to those used for the plastid-encoded proteins. ML and Bayesian inference phylogenetic analyses of the resulting 28,102-amino-acid-long concatenation of these EGT proteins yield similar phylogenetic trees to those based on the plastid-encoded proteins: G. lithophora always branches as sister group of the archaeplastid sequences with maximal statistical support ( Figure S1C ). Therefore, three different datasets (plastid encoded proteins, plastid rRNA genes, and EGT proteins encoded in the nucleus) converge to support the same result. S cy to n e m a h o fm a n n i P C C 7 1 1 0
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Robustness of the Evolutionary Relationship between Gloeomargarita and Plastids
To test the robustness of the phylogenetic relation between Gloeomargarita and plastids, we investigated possible biases that might lead to an artifactual placement of plastids in our trees. We specifically focused on the dataset of plastid-encoded proteins, as these proteins are better conserved than the EGT proteins. Changes induced by the adaptation of endosymbiotically transferred genes to the new genetic environment (the eukaryotic nuclear genome) most likely impacted the evolutionary rate of EGT proteins (notice the much longer distance between Gloeomargarita and archaeplastid sequences for the EGT protein dataset than for the plastid-encoded protein dataset, 20% longer on average; see Figures S1C and S1E). We first recoded the amino acid sequences by grouping amino acids of similar physicochemical characteristics into four families, a procedure that is known to alleviate possible compositional biases [17] . Phylogenetic trees based on the recoded alignment still retrieve the Gloeomargarita-plastids sister relation ( Figure S1D ). It has been shown that fast-evolving sites in plastids have a very poor fit to evolutionary models [18] . Therefore, we tested whether the Gloeomargarita-plastids relation could be due to the accumulation of fast-evolving sites leading to sequence evolution model violation and long-branch attraction (LBA) artifacts. For that, we calculated the evolutionary rate for each of the 21,942 sites of the 97-protein concatenation and divided them into ten categories, from the slowest-to the fastest-evolving ones. We then reconstructed phylogenetic trees with a progressive inclusion of fast-evolving sites (the so-called slow-fast method, aimed at increasing the signal/ noise ratio of sequence datasets [19] ). All of the trees show the Gloeomargarita-plastids sister relation with full statistical support ( Figures S1E-S1M) . Interestingly, the trees based on the slowest-evolving positions exhibit a remarkable reduction of the branch length of the plastid sequences (especially those of green algae and land plants; Figures S1K-S1M), which become increasingly longer with the addition of fast-evolving positions. This reflects the well-known acceleration of evolutionary rate that plastids have experienced, in particular in Viridiplantae [16] . These results argue against the possibility that the Gloeomargarita-plastids relation arises from an LBA artifact due to the accumulation of noise in fast-evolving sites. Finally, we tested whether the supermatrix approach might have generated artifactual results due to the concatenation of markers with potentially incompatible evolutionary histories (because of HGT, hidden paralogy, etc.) that might have escaped our attention. We addressed this issue through the application of a phylogenetic network approach, which can cope with those contradictory histories [20] , to analyze the set of 97 phylogenetic trees reconstructed with the individual proteins. The supernetwork based on those trees again confirms G. lithophora as the closest cyanobacterial relative of plastids (Figure 2 ), in agreement with the phylogenomic results (Figure 1) .
A deep origin of plastids within the cyanobacterial phylogeny was inferred in past studies based on 16S rRNA gene sequences, plastid proteins, and nucleus-encoded proteins of plastid origin [5] [6] [7] [8] . However, those studies did not retrieve any close relationship between plastids and any extant cyanobacterial lineage, a result that could be attributed either to lack of phylogenetic resolution or to incomplete taxonomic sampling [6] . Our results, after inclusion of the new species G. lithophora, clearly advocate for the latter and stress the importance of exploration of undersampled environments such as many freshwater and terrestrial ones. Nevertheless, some studies have alternatively proposed that plastids emerged from the apical part of the cyanobacterial tree, being closely related to latebranching filamentous (Nostocales and Stigonomatales) [9] [10] [11] or unicellular (Chroococcales) [21] N 2 -fixing cyanobacteria. However, in agreement with our results, it has been shown that those phylogenetic results can be explained by similarities in G+C content due to convergent nucleotide composition between plastids and late-branching cyanobacteria and that the use of codon recoding techniques suppresses the compositional bias and recovers a deep origin of plastids [8] .
Studies supporting a late plastid origin did not rely on phylogenomic analyses alone, but also used other methods, such as quantifying the number and sequence similarity of proteins shared between Archaeplastida and different cyanobacterial species. They showed that the heterocyst-forming filamentous cyanobacterial genera Nostoc and Anabaena appear to possess the largest and most similar set of proteins possibly present in the plastid ancestor [9, 10] . However, these approaches have two important limitations: (1) the number of proteins is highly dependent on the genome size of the different cyanobacteria, which can vary by more than one order of magnitude [7] , and (2) it is well known that sequence similarity is a poor proxy for evolutionary relationships [22] . Indeed, if we apply a similar procedure on our set of sequences but include several plastid representatives in addition to cyanobacteria, we observe that individual plastids can have sequences apparently more similar to certain cyanobacterial homologs than to those of other plastids ( Figure S2 ). If sequence similarity were a good indicator of evolutionary relationship, it would be difficult to deduce from those data that plastids are monophyletic, as they do not always resemble other plastids more than cyanobacteria. Actually, plastid proteins, especially those that have been transferred to the nucleus [16] , have evolved much faster than their cyanobacterial counterparts, such that sequences of one particular primary photosynthetic eukaryote can be more similar to shortbranching cyanobacterial ones than to those of other distantly related long-branching photosynthetic eukaryotes. Thus, similarity-based approaches have clear limitations and can lead to artifactual results. Phylogenomic analysis is therefore more suitable than crude sequence similarity or single-gene phylogenies for studying the cyanobacterial origin of plastids.
Metabolic Interactions and the Environmental Setting at the Origin of Plastids
Proponents of the recent origin of primary plastids from N 2 -fixing filamentous cyanobacteria suggest that the dearth of biologically available nitrogen during most of the Proterozoic and the ability of these organisms to fix nitrogen played a key role in the early establishment of the endosymbiosis [9, 10] . However, there is no trace of such past ability to fix nitrogen in modern plastids. Furthermore, this metabolic ability is also widespread in many cyanobacterial lineages, including basal-branching clades, which has led to propose that the cyanobacterial ancestor was able to fix nitrogen [23] . Therefore, if N 2 fixation did actually play a role in the establishment of the plastid, it cannot discriminate in favor of a late-versus early-branching cyanobacterial endosymbiont. The closest modern relative of plastids, G. lithophora, lacks the genes necessary for N 2 fixation, which further argues against the implication of this metabolism in the origin of plastids. N 2 fixation is also absent in the cyanobacterial endosymbiont of Paulinella chromatophora, which is considered to be a recent second, independent case of primary plastid acquisition in eukaryotes [3, 4, 24] . Other hypotheses have proposed a symbiotic interaction between the cyanobacterial ancestor of plastids and its eukaryotic host based on the metabolism of storage polysaccharides. In that scenario, the cyanobacterium would have exported ADP-glucose in exchange for the import of reduced nitrogen from the host [25] .
Although the nature of the metabolic exchanges between the two partners at the origin of primary photosynthetic eukaryotes remains to be elucidated, the exclusive distribution of the Gloeomargarita lineage in freshwater and terrestrial habitats [13] provides important clues about the type of ecosystem where the endosymbiosis of a Gloeomargarita-like cyanobacterium within a heterotrophic host took place. Like G. lithophora, and similar to most basal-branching cyanobacterial lineages, the first cyanobacteria most likely thrived in terrestrial or freshwater habitats [26, 27] . Consistent with this observation, the colonization of open oceans and the diversification of marine planktonic cyanobacteria, including the SynPro clade, occurred later on in evolutionary history, mainly during the Neoproterozoic (1000-541 mya), with consequential effects on ocean and atmosphere oxygenation [27] . Notwithstanding their large error intervals, molecular-clock analyses infer the origin of Archaeplastida during the mid-Proterozoic [28, 29] , well before the estimated Neoproterozoic cyanobacterial colonization of oceans. Interestingly, Glaucophyta, the first lineage to diverge within the Archaeplastida (Figures 1 and S1 ), has been exclusively found in freshwater habitats [30] , which is also the case for the most basal clade of red algae, the Cyanidiales, commonly associated to terrestrial thermophilic mats [31] . In contrast with the classical idea of a marine origin of eukaryotic alga, these data strongly support that plastids, and hence the first photosynthetic eukaryotes, arose in a freshwater or terrestrial environment [32] . This most likely happened on a Proterozoic Earth endowed with low atmospheric and oceanic oxygen concentrations [33] .
Conclusions
We provide strong phylogenomic evidence from plastid-and nucleus-encoded genes of cyanobacterial ancestry for a deep 
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G r e e n a l g a e & p l a n t s origin of plastids within the phylogenetic tree of Cyanobacteria and find that the Gloeomargarita lineage represents the closest extant relative of the plastid ancestor. The ecological distribution of both this cyanobacterial lineage and extant early-branching eukaryotic algae suggests that the first photosynthetic eukaryotes evolved in a terrestrial environment, probably in freshwater biofilms or microbial mats. Microbial mats are complex communities in which metabolic symbioses between different microbial types, including cyanobacteria and heterotrophic eukaryotes, are common. They imply physical and genetic interactions between mutualistic partners that may have well facilitated the plastid endosymbiosis. In that sense, it will be especially interesting to study the interactions that the cyanobacterial species of the Gloeomargarita lineage establish with other microorganisms, looking for potential symbioses with heterotrophic protists. Our work highlights the importance of environmental exploration to characterize new organisms that can, in turn, be crucial to resolve unsettled evolutionary questions.
EXPERIMENTAL PROCEDURES Selection of Phylogenetic Markers
We created a local genome database with 692 completely sequenced prokaryotic and eukaryotic genomes, complemented with expressed sequenced tags (ESTs) from eight photosynthetic eukaryotes, all downloaded from GenBank. In particular, the database included 122 cyanobacteria and 20 plastids of primary photosynthetic eukaryotes (primary plastids, found in Archaeplastida). Among the cyanobacteria, we added the genome sequence of Gloeomargarita lithophora strain CCAP 1437/1 (GenBank: NZ_CP017675; see the Supplemental Experimental Procedures). To retrieve plastid-encoded proteins and their cyanobacterial orthologs, we used the 149 proteins encoded in the gene-rich plastid of the glaucophyte Cyanophora paradoxa as queries in BLASTP [34] searches against this local database. Plastid and cyanobacterial protein sequences recovered among the top 300 hits with a cut-off E value <10
À10 were retrieved and aligned to reconstruct preliminary ML single-protein phylogenetic trees (details can be found in the Supplemental Experimental Procedures). These trees were visually inspected to identify potentially paralogous proteins or HGT among cyanobacteria (see the Supplemental Experimental Procedures). The problematic proteins detected were discarded. Among the remaining proteins, we selected those present in at least two of the three Archaeplastida lineages (glaucophytes, red algae, and green algae and plants; if absent in one lineage, they were replaced by missing data). Thereby, our final dataset comprised 97 plastid-encoded proteins (see Data S1). In addition, we updated the dataset of EGT proteins previously published by Deschamps and Moreira [16] , including sequences from new available genomes. As in the previous case, ML single-protein phylogenetic trees were reconstructed and inspected to discard proteins with paralogs and HGT cases. All datasets are available at http://www.ese.u-psud.fr/article909. html?lang=en.
Phylogenetic Analyses ML trees of individual markers were reconstructed using PhyML [35] with the GTR model for rRNA gene sequences and the LG model for protein sequences, in both cases with a four-substitution-rate-category gamma distribution and estimation of invariable sites from the alignments. Branch lengths, tree topology, and substitution rate parameters were optimized by PhyML. Bootstrap values were calculated with 100 pseudoreplicates. Individual ML trees were used to reconstruct a supernetwork [20] with the program Splitstree [36] with default parameters. Tree reconstruction of concatenated protein datasets under Bayesian inference was carried out using two independent chains in PhyloBayes-MPI [37] with the CAT-GTR model and a four-category gamma distribution. Sequences were also recoded into four amino acid families [17] using a Python script and analyzed with PhyloBayes-MPI in the same way. Chain convergence was monitored by the maxdiff parameter (chains were run until maxdiff < 0.1).
The slow-fast method was applied using the program SlowFaster [38] to produce ten alignments with an increasing proportion of fast-evolving sites included. These alignments were used for phylogenetic reconstruction using PhyloBayes-MPI as with the complete concatenation.
Estimation of Protein Sequence Distances and Heatmap Construction
Distances among protein sequences were calculated using two different approaches: (1) measuring patristic distances between taxa in phylogenetic trees and (2) from pairwise comparisons of aligned protein sequences. Patristic distances are the sum of the lengths of the branches that connect two taxa in a phylogenetic tree and can account for multiple substitutions events to a certain level. We used the glaucophyte C. paradoxa as reference, as it has the shortest branch among the plastid sequences, and measured the patristic distances between this taxon and the other taxa (cyanobacterial species and plastids of red algae and Viridiplantae) on the ML trees of the 97 individual plastid-encoded proteins reconstructed as previously described. Protdist [39] was used to estimate pairwise distances between the plastid proteins of C. paradoxa and the proteins of the rest of taxa. Patristic distances and sequence similarities were displayed as heatmaps using the library Matplotlib [40] .
ACCESSION NUMBERS
The accession number for the genome sequence of the Gloeomargarita lithophora strain CCAP 1437/1 reported in this paper is GenBank: NZ_ CP017675. 
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